Chloroplast DNA (cpDNA) is under great photooxidative stress, yet its evolution is very conservative compared with nuclear or mitochondrial genomes. It can be expected that DNA repair mechanisms play important roles in cpDNA survival and evolution, but they are poorly understood. To gain insight into how the most severe form of DNA damage, a double-strand break (DSB), is repaired, we have developed an inducible system in Arabidopsis that employs a psbA intron endonuclease from Chlamydomonas, I-CreII, that is targeted to the chloroplast using the rbcS1 transit peptide. In Chlamydomonas, an I-CreII-induced DSB in psbA was repaired, in the absence of the intron, by homologous recombination between repeated sequences (20-60 bp) abundant in that genome; Arabidopsis cpDNA is very repeat poor, however. Phenotypically strong and weak transgenic lines were examined and shown to correlate with I-CreII expression levels. Southern blot hybridizations indicated a substantial loss of DNA at the psbA locus, but not cpDNA as a whole, in the strongly expressing line. PCR analysis identified deletions nested around the I-CreII cleavage site indicative of DSB repair using microhomology (6-12 bp perfect repeats, or 10-16 bp with mismatches) and no homology. These results provide evidence of alternative DSB repair pathways in the Arabidopsis chloroplast that resemble the nuclear, microhomologymediated and nonhomologous end joining pathways, in terms of the homology requirement. Moreover, when taken together with the results from Chlamydomonas, the data suggest an evolutionary relationship may exist between the repeat structure of the genome and the organelle's ability to repair broken chromosomes.
C
hloroplast DNA (cpDNA) is closely associated with the photosynthetic membranes that harvest radiant energy and strip electrons from water, producing molecular oxygen as a byproduct (1, 2) . Highly reactive forms of oxygen are also generated, and despite the presence of detoxifying enzymes, photooxidative damage is a serious problem. Although there has been extensive study of the damage, protection, and repair of photosynthetic membranes, there has been little attention paid to the genetic consequences of photooxidative stress (3) . This can be attributed, at least in part, to a grossly incomplete knowledge of how cpDNA is replicated and maintained throughout the life of a plant (3, 4) .
However, despite the high-stress environment, the evolution of cpDNA is more conservative than nuclear or mitochondrial DNA (5) . We can thus infer that DNA repair mechanisms play important roles in protecting cpDNA and are intimately involved in its evolution. And although some processes have been identified (6) (7) (8) (9) (10) (11) , the panoply of organelle repair mechanisms is not known, nor is it clear which are most important, or how they have coevolved with the genome. Although we expect that some cpDNA repair processes will reflect its prokaryotic ancestry, the consequences of eukaryotic cell integration and >1 billion years of evolution have surely produced some unique modifications to the repair machinery.
The most severe form of DNA damage is a double-strand break (DSB), which can result in gene loss, stalled DNA replication, and cell death (12) . DSBs are caused by ionizing radiation, chemicals, oxidation, enzymes, and single-strand breaks during replication (12, 13) . Mechanisms of DSB repair (diagrammed in Fig. S1 ) have been divided into two basic types, nonhomologous end joining (NHEJ) and homologous recombination (HR). NHEJ is the dominant nuclear response in animals and plants-it does not require homologous sequences, but is often mutagenic (14, 15) . Repair by HR requires substantial homology, but the two pathways that use an intact chromosome to repair the broken one, doublestrand break repair and synthesis-dependent strand annealing, are highly accurate. The third HR pathway, single-strand annealing (SSA), occurs between direct repeats >30 bp and results in deletions; in plants, it is favored over the other HR pathways (16) . In recent years, microhomology-mediated end joining (MMEJ) has been recognized as a distinct type of DSB repair in eukaryotes. Only very short (2-14 bp) regions of homology are needed for this pathway, and it typically leaves deletions like SSA. It has also been distinguished genetically from the HR and NHEJ pathways and in mammalian cells acts as a backup to NHEJ (17) (18) (19) .
Group I intron homing involves the repair of a DSB induced by the intron's rare-cutting endonuclease and results in gene conversion (7) . Recently, we used a homing intron and its endonuclease (I-CreII) to examine DSB repair in the Chlamydomonas chloroplast-evidence of all three HR pathways was obtained, but not for NHEJ or MMEJ (20) . In the absence of the intron, repair of the DSB was mostly by SSA between intergenic repeats of 20-60 bp that are abundant in that cp genome (21) . Compared with Chlamydomonas, however, the cpDNA of land plants, especially Arabidopsis, is repeat poor (21, 22) ; e.g., REPuter (23) analysis of the 155-kb Arabidopsis genome revealed only 31 direct repeats >29 bp, and half of them map to the same small region of the genome (gb NC_000932). Thus, we were interested to see how this land plant chloroplast would handle a similar DSB, while also recognizing its potential for further study. To this end, an inducible system was developed based on I-CreII, which is targeted to the chloroplast with the transit peptide of rbcS1, and wherein, it cleaves the endogenous psbA gene (24) (25) (26) (27) .
Results
Generating Plants with an Inducible, Chloroplast-Targeted I-CreII.
The I-CreII endonuclease was expressed from the nucleus using chemical induction (24) : the application of β-estradiol induces transcription of the Cre recombinase (via the XVE receptoractivator), which catalyzes a reaction between loxP sites, which places the G10-90 promoter upstream of the promoterless target gene, rbcS:I-CreII:GFP. This vector was chosen because unscheduled expression of the endonuclease was expected to be lethal. This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: herrin@mail.utexas.edu.
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I-CreII was localized to the chloroplast with the N-terminal (amino acids 1-59) transit peptide of the rbcS1 gene (26, 27) , and GFP was fused to the C terminus for possible fluorescence detection. It should be noted that the same construct, but without GFP, was also used, but because the initial results with each variant were comparable, we focused on rbcS:I-CreII:GFP.
Before creating transgenic plants, we verified that the rbcS:ICreII:GFP construct had endonuclease activity using in vivo and in vitro assays. The in vivo assay was based on plasmid exclusion, wherein a target-site plasmid cannot be maintained in the same Escherichia coli cells as an active homing endonuclease plasmid, even if the plasmids have different selectable markers (28) ; the results with the I-CreII fusion constructs were included in Fig.  S2 ). Although the fusion proteins were mostly insoluble when overexpressed in E. coli, there was sufficient soluble activity in crude extracts to detect specific cleavage of the pE4E5 substrate DNA in vitro (Fig. S3) .
The rbcS:I-CreII:GFP plasmid and parental vector were introduced into Arabidopsis thaliana (Col-0 strain) using Agrobacterium-mediated transformation (29) . Healthy kanamycinresistant lines possessing the T-DNA insertion were obtained, and subsequently germinated on β-estradiol (and control medium) to identify those that inducibly expressed rbcS:I-CreII:GFP. The inducible phenotypes could be classified as either strong or weak, and an example of each is shown in Fig. 1B . Compared with the vector-only plants, the strong line, 243, had very poor shoot and leaf development, whereas the weaker line, 347, developed variegated leaves early in development, but then normally pigmented leaves thereafter. It should be said that the transgenic lines used in Fig. 1B , and in the remaining analyses, were homozygous for the T-DNA insertion, on the basis of segregation analysis. The phenotypes, however, are similar to those observed in the original hemizygotes, because of the dominant nature of the transgene.
RT-PCR analysis indicated that both lines (243 and 347) displayed inducible expression of the I-CreII transgene, but the signal was reproducibly greater, relative to the control (actin) mRNA, in the stronger 243 line (Fig. 1C) . No product was obtained with the Vector line, as expected. The RT-PCR analysis also indicated that there was some basal expression of rbcS:I-CreII:GFP in line 243 without β-estradiol, but those plants did not exhibit a variegated phenotype like 347. The level of GFP fluorescence was too low for microscopic detection in these induced lines, and in nearly all of the rbcS:I-CreII:GFP plants we examined, except for one that could not be sustained. The GFP fluorescence in that case was associated with plastids that lacked chlorophyll autofluorescence, indicative of severe damage (Fig. S4) . Most likely, plants that had enough rbcS:I-CreII:GFP expression to allow visualization of sustained GFP fluorescence were not viable.
I-CreII-Induced Damage and Repair at the psbA Locus. The recognition sequence for I-CreII is an ∼30-bp region in the highly conserved psbA gene (25) , which is located in the large singlecopy region, close to an inverted repeat (22) (Fig. 2A) . Southern blot hybridizations of total DNA digested with restriction en- zymes indicated only a slight loss of DNA at this locus in the 347 line, but a substantial (∼70%) reduction in line 243, relative to nuclear 18S rDNA ( Fig. 2 and Fig. S5 ). Hybridizations with the rpoA gene, whose cpDNA location is far from psbA ( Fig. 2A) , indicated the reduction in psbA signal was not due to a general loss of cpDNA, because the rpoA/18S rDNA ratio was similar in all three plant lines. Thus, a preferential loss of psbA DNA had occurred in the stronger 243 line.
To precisely characterize the deletions (or other possible changes) in line 243, trial PCR reactions were performed with nested primers that flanked the I-CreII cleavage site and annealed ∼5, 2.5, and 0.25 kb, respectively, from that site. Only the primers that annealed ∼2.5 kb from the cleavage site were informative. They gave additional PCR products that were smaller than the 5-kb wild-type product, which was also correspondingly reduced in line 243 (Fig. 3) . The smaller products were not seen with the Vector line. They were faintly visible (on the original gels) with DNA from line 347, but to facilitate further analysis only PCR products from line 243 were sequenced. It is worth mentioning that the sequence of a small product (∼0.4 kb) amplified from 243 with primers that annealed close to the cleavage site (400 and 510 in Fig. 3 ) was indistinguishable from wild type, making it unlikely that the large, 5-kb product in Fig. 3 contained many repair products with very short deletions or insertions.
The major induced PCR products, which were 1.9, 1.3, and 1.2 kb (Fig. 3) , were excised from gels for direct sequencing and cloning. Also, the total PCR products were gel separated into three size fractions, which were cloned and sequenced. The results from all of this analysis are summarized in Table 1 and in Fig. 4 , which provides a map of the paired deletion endpoints. First, it should be said that all of the mutant products had a deletion (no insertions were observed), which ranged in size from 3.1 to 4.8 kb. The fact that the paired endpoints for all these deletions map to either side of the I-CreII site suggests strongly that they are associated with a DSB. It is also apparent from the map (Fig. 4) that all of the deletions encompassed the trnH gene and included at least 50% of the psbA and rpl2 genes-in fact, psbA was completely deleted in most of them. These mutations, if accumulated to a sufficient level, would impact both plastid translation (trnH and rpl2) and photosynthesis (psbA), and could explain the poor shoot development in 243 (30) .
The junction sequences (Table 1) suggest that more than one process may be at work. Most of the repair events involved microhomology between the partners in the form of direct microrepeatsthe perfect repeats were only 6-12 bp (microrepeats 1-5), whereas the imperfect repeats were 10-16 bp (microrepeats 6-12); the longer imperfect repeats (15-16 bp) had two mismatches, whereas the shorter ones had only one. It is noteworthy that microrepeats 1, 6, and 8 correspond to the dominant sequences obtained from the three major PCR products (lane 243 in Fig. 3 ). The fact that microrepeat 2 is highly represented in the sequenced clones (Table 1) probably reflects bias in the cloning process. The similarity of these repair junctions with those of the MMEJ pathway in the nucleus is striking (17, 18, 31) .
We also detected several repair events that could not be explained by microhomology between the DNA partners (junctions A-D in Table 1 ), and hence may represent a form of nonhomologous repair, like NHEJ. This seems to be a quantitatively minor pathway under these conditions. However, the large sizes of those deletions could indicate an important backup role to the microhomology-mediated pathway.
Discussion
Transgenic homing endonucleases have been used extensively to study the repair of DSBs in nuclear chromosomes (16, 31, 32) , but this reported usage for a cell organelle is unique. Transgenic restriction endonucleases have been used to damage mitochondrial DNA in animal cells (33) , presumably because a homing enzyme target could not be introduced. Here, we used a relatively new homing endonuclease from a Chlamydomonas chloroplast intron (25) and retargeted it to the plastid. Because it cleaves the highly conserved psbA gene, I-CreII could likely be used on many other plants. Finally, using the steroid-inducible system (24) may also have been important, especially considering the severe growth impairment of the higher-expressing line, 243.
Unlike intron homing, which alters the target DNA, repair of this DSB by a similar HR pathway would restore the target, which cannot be distinguished from DNA that was never cleaved. Hence, we can only infer repair events that have changed the target. Given the deficit of repeated sequences >25 bp in Arabidopsis cpDNA, we were unsure how, or even if, the chromosome would become religated after the break. In the nucleus, repair with such limited or no homology occurs by pathways distinct from the HR pathways, and these processes were not known to occur in chloroplasts. However, these data clearly show that the organelle can repair a DSB using very limited homology, and with reasonable efficiency, based on the fact that there was little loss of cpDNA as a whole. Most of the repair events were mediated by microhomology between the partner DNAs, reminiscent of nuclear MMEJ (17) (18) (19) . Several repair events, however, lacked any mediating homology, indicative of an NHEJ-like mechanism (12, 14) . It is possible these latter DNAs are actually products of a microhomology-based machinery that can occasionally use nonhomologous DNA ends. Alternatively, the nonhomologous products are from a distinct pathway that, on the basis of deletion sizes, might back up the MMEJ-like pathway. Such a hierarchy would be the opposite of that in animal cells, where MMEJ backs up NHEJ (18) .
An obvious question provoked by these experiments concerns the nature of the mediating proteins. The conserved Ku proteins, which are associated with NHEJ even in bacteria (34), have not been found in chloroplasts, including Arabidopsis (35, 36) . More- agataattgatTtatattgac -*The repeats are the same as Fig. 4 . †
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over, the substantial size of these deletions and those in Chlamydomonas are consistent with the absence of strong end-protecting proteins like Ku. On the other hand, the deletions are suggestive of roles for a 5′-to-3′ exonuclease, to resect the DNA and create 3′ tails, and for an endonuclease to remove the 3′ flaps (17). Presumably, one or more proteins would be needed to promote microannealing, but it is not clear what any of these proteins are in the chloroplast. Arabidopsis should be a promising system in which to identify them, however. Previously, the lack of evidence for NHEJ repair in Chlamydomonas (20) , or associated with an insertion element in tobacco (37) , prompted the suggestion that the absence of this ability might account for the lack of horizontally acquired DNA in green plant chloroplasts. These results weaken that hypothesis, but stop short of negating it, because the NHEJ-like repair events were only a minor fraction of the total. It may also be relevant that we did not see any insertions of foreign (i.e., nuclear or mitochondrial) DNA in the break site; however, the laborious analysis of repair events limited the number that could be reasonably examined. Along this line, there are other factors that could limit horizontal transfer into cpDNA, e.g., the double-membrane envelope surrounding the chloroplast is a more formidable barrier than the nuclear envelope. Also, mitochondria have a peculiar tendency for fusion-subdivision cycles that might increase their exposure to foreign DNA (38) . Finally, there are examples of horizontally acquired introns, and recently, whole genes in the cpDNA of unicellular green algae (39, 40) . The equivalence of germ-line and vegetative cells in those organisms undoubtedly increases the probability of passing on horizontally acquired DNA.
The commonly held notion that cpDNA is circular rather than linear was challenged recently, on the basis of physical analysis of DNA from isolated plastids (41) . The stabilization and replication of linear DNA typically requires special structured end sequences (e.g., telomeres), some of which are known from organelles (42, 43) . However, such sequences have not been identified for a chloroplast chromosome. These results support the notion that stabilizing end structures would be needed to maintain linear cpDNA.
Repetitive DNA is an important feature of all genomes, and its proportion can vary considerably (44) . The cpDNA of Chlamydomonas is relatively repeat rich (21) , and the I-CreII-induced deletions described previously implicated perfect repeats of 15-62 bp, with a strong bias for repeats >30 bp (20) . Despite the paucity of such repeats in Arabidopsis, the I-CreII-induced DSB was repaired efficiently, and the sizes of the accompanying deletions were similar to those obtained in Chlamydomonas. We suggest that evolution has endowed Arabidopsis, and probably other land plants, with the ability to repair DSBs without extensive homology, and that this ability may have impacted the evolution of cpDNA by reducing the need for sizable (>20 bp) repeats. Plasmid Construction. The N-terminal 59 aa of rbcS1a (AT1G67090) was amplified using oligos 485 and 486 (Table S1 ), which have XhoI and AfeI sites, from TAIR U13397 (26) obtained from the Arabidopsis Biological Resource Center (The Ohio State University). I-CreII was amplified from pI-CreII (25) using 488 and 489 (Table S1 ), which removed the stop codon and added AfeI and AvrII sites. GFP was amplified from pX6GFP (24) using oligos 490 and 491 (Table S1) , which added AvrII and SpeI sites. The three products were cloned into the SmaI site of pUC18, creating pUC18-rbc, -ICre, and -GFP. GFP was excised with AvrII and cloned into AvrII-linearized pUC18-ICre, creating pUC18IIIG. The rbcS fragment was excised from pUC18-rbc with BamHI and AfeI and cloned into BamHI-AfeI digested pUC18IIIG, creating pUC18RIIIG. Its insert (rbcS:I-CreII: GFP) was completely sequenced, excised with XhoI and SpeI, and cloned into XhoI-SpeI cut pX6GFP; the final plasmid was pX6RIIIG.
RT-PCR. Total RNA was isolated from 2-wk-old plantlets (∼50 mg fresh weight) using TRIzol (Invitrogen) (46) and reverse transcribed at 42°C for 50 min (1 μg RNA in 25 μL) with SuperScript II (39) . Aliquots (0.05 vol) were subjected to PCR with primers specific for I-CreII (488 and 489) and Act2 (535 and 536), and separated on 1% agarose gels for digital imaging.
DNA Analyses. Total DNA was isolated as described (47) . For the Southern blots, 3 μg DNA (per lane) was digested with SalI, XhoI, and SalI + XhoI overnight, resolved on long (20 cm) agarose (0.7%) gels, and transferred to cationic nylon membranes. The hybridization probes were obtained by PCR of wildtype Arabidopsis DNA, followed by random-primer labeling with α[ 32 P]dCTP (7). The psbA and rpoA probes corresponded to nt 6-1,746 and 77,335-79,091, respectively, of cpDNA (gb NC_000932), and were synthesized with 524 and 525 and 522 and 523, respectively (Table S1 ). The 18S rDNA probe corresponded to nt 14, 208, 210 ,622 of chromosome 3 (gb NC_003074) and was amplified with 526 and 527 (Table S1) .
For the PCR analysis, 200 ng of genomic DNA was subjected to 25-35 cycles of 94°C (30 s), 60°C (30 s), and 70°C (5 min), using Taq polymerase (NEB) and primers 498 and 499 (Table S1 ), which amplify nt 152,241-2786 of cpDNA. The reactions were analyzed on 1% agarose, and the major products excised for direct sequencing and cloning into SmaI-linearized pUC18 or pGC-Blue (Lucigen). The PCR products were also gel separated into three fractions (<1 kb, 1-3 kb, and 3-5 kb) before cloning and sequencing. In parallel, genomic DNA was predigested with I-CreII (25) for 1 h at 37°C to reduce wild-type target DNA and then used for PCR. PsbA primers 510 and 400 (Table S1 ), which amplify nt 611-947 of cpDNA, were also used for PCR, and the 337-bp product was directly sequenced. Table 1 . The nucleotide numbering is from Arabidopsis cpDNA (gb NC_000932), and the hybridization probe was used in Fig. 2 . Fig. S1 . Pathways for repairing a double-strand break in DNA. The SSA, DSBR, and SDSA pathways are considered to be a form of homologous recombination, because they require considerable regions of homology between the partner DNAs to be effective. The NHEJ pathway requires end-binding proteins (indicated with ovals), whereas MMEJ is an alternative or backup pathway that does not depend on those proteins. Because MMEJ is mediated by regions of microhomology in the substrate DNAs, and involves the resection of DNA ends, it shares some features with the SSA pathway, yet it is considered to be a distinct pathway. Additional background information is provided in the text. Adapted from figure 1 in Odom et al. (1) . The respective I-CreII-fusion plasmids could coexist only with the substrate plasmid that lacked the I-CreII cleavage site, pRey. This result indicated that both the RIIIG (rbcS:I-CreII:GFP) and RIII (rbcS:I-CreII) proteins have I-CreII-like endonuclease activity in E. coli. Fig. S3 . In vitro DNA cleavage with the I-CreII fusion constructs. (A) Simplified map of the substrate plasmid, pDrail, which has one I-CreII site, and one DraI site. (B) Extracts (total soluble) were prepared from the E. coli strains (Top) and added to the reactions with pDrail, as indicated. In some reactions, DraI was added by itself or together with the indicated extract. Lane M contained DNA size markers. Other labels are explained below the agarose gel, whose image was digitally inverted. The small arrows (→) point to DNA bands that are expected from a double digestion of pDrail with DraI and I-CreII. Conclusion: The extracts from E. coli strains expressing I-CreII fusion genes, but not the vector, contained specific cleavage activity with the I-CreII substrate plasmid, pDrail. Together with Fig. S2 , the data indicate that I-CreII retained its homing endonuclease activity, even though it was embedded in a fusion protein with rbcS1 and GFP flanking domains. Fig. S4 . Fluorescence microscopy of a transgenic rbcS:I-CreII:GFP plant. The images are of a cotyledon of a whole-mounted plant that was germinated on β-estradiol for 2 wk. The dashed outlines on the GFP (a) and chlorophyll (b) fluorescence images are of cell boundaries. A merged image of the fluorescence images in a and b is presented in c, and the corresponding bright field image is in d. Conclusion: The green fluorescence from GFP was associated with plastids, as seen in the centered cell in a. But there was little evidence of chlorophyll fluorescence from the same plastids (b), indicating they were damaged or their development was incomplete, or both. Plantlets such as this one (with detectable GFP fluorescence) were not recovered successfully, even if they were transferred to noninduction medium supplemented with 1% sucrose. Fig. S5 . Southern blot analysis of transgenic plants expressing rbcS:I-CreII:GFP. Equal amounts of genomic DNA isolated from the indicated (Top) plants grown on β-estradiol were restricted with SalI and separated on a long (20 cm) agarose gel. After alkaline Southern blotting to a cationic nylon membrane, the blot was hybridized sequentially (after stripping off the previous probe) with gene-specific, 32 P-labeled DNA probes for psbA, rpoA, and nuclear 18S rDNA (described in Materials and Methods). The probe for each hybridization is identified below its phosphorimage. The location of the bottom of the sample wells (the tops of the wells were removed, leaving the sides and bottom) is marked on both sides ("well") of the aligned images, and was verified from overexposed images. The positions and size (in kilobases) of 32 P-labeled size markers (HindIII-digested lambda phage) are indicated to the Right. 
